The ultrastructure of Bacillus Jinitimus and B. thuringiensis spores has been examined using the freeze-etching technique. Labelled antibodies have been used in an attempt to locate crystal antigen in the spores of B. thuringiensis, which have a more complex structure than those of B.Jinitimus. The results of morphological studies and the use of labelled antibodies to stain sections of sporulating cells of B. thuringiensis suggest a relationship between crystal protein and the sporecoat of the organism. The different aspects of ultrastructure and their relation to crystal structure and formation are discussed. Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Tue, 11 Dec 2018 22:46:21 262 J. A. SHORT A N D OTHERS spores of B. thuringiensis and some other sporeformers by extraction with reagents, such as 0.1 M-NaOH, which dissolve the crystal.
INTRODUCTION
Several spore forming bacteria form inclusions at the time of sporulation. In B. thuringiensis this has been shown to be a crystalline protein (Labaw, 1964; Holmes & Monro, 1965) toxic to lepidopterous larvae (Hannay & Fitz-James, 1955 ; Angus, 1956 ). According to Heimpel & Angus (1958) , B.$nitimus could be distinguished from B. thuringiensis in that, in the former, the inclusion is retained by the spore after sporulation is completed and also it is non-toxic to insect larvae.
However, recent work (Somerville, James, Ruffell & Norris, 1971 ) has shown that the inclusion of B._finitimus can be separated from the spore and that it is both toxic and structurally similar to that of B. thuringiensis. This evidence, along with results of DNA/DNA hybridization studies (Somerville & Jones, 1972) ~ strongly suggests that B.Jinitimus is a variety of B. thuringiensis, as originally suggested by de Barjac & Bonnefoi (1962) .
Detailed studies on sporulation in B. thuringiensis were carried out, using the light microscope, by Young & Fitz-James (1959). Fitz-James (1962) concluded from an electron microscopic study that the inclusion was associated with the forespore membrane during early stages of its formation and was completed in the sporangial cytoplasm. More recently a clear association has been demonstrated between immature crystals and the developing exosporium (Somerville & James, 1970; Somerville, 1971) and it was suggested that the subunits are synthesized and the crystals assembled on this membrane.
It has also been established (Delaiield, Somerville & Rittenberg, 1968 ; Somerville, Delafield & Rittenberg, 1968 ; Lecadet, Chevrier & Dedonder, 1972 ) that the crystal protein is immunologically and biochemically similar to a protein fraction that can be removed from Extraction of spores. Spores were extracted with buffer (Ellis, 1961) containing the following (all at 0.05 M final concentration): Na,CO,, 2 amino-2-methyl 1,3-propane diol, citric acid, and 2-mercaptoethanol. The pH was adjusted to 10.2 with NaOH. A lyophilized suspension of spores (100 mg) was incubated in 5 ml of this buffer for 2 h and then centrifuged (5000 g, I o min). The spores were washed twice in the buffer and then at least four times with distilled water. In some cases spores were extracted with 0-1 M-NaOH, or with 8 M-urea containing I % (wlv) 2-mercaptoethanol, pH 8.5, using the same procedure.
Preparation of antisera.
Crystal solutions for injection into animals were prepared as follows. Crystals (greater than 99.95 % pure relative to spores on a numerical count) were prepared as described by Delafield et al. (1968) . The crystals were dissolved in buffer at pH 10.2 and the clear solution dialysed against 0.015 M-NaHCO,. Rabbits were selected and antiserum prepared as described previously (Somerville, I 971) . Each batch of antiserum was tested for specificity using double diffusion in agar against (i) crystal solution, and (ii) an extract prepared by breaking spores (25 mg/ml in 0.05 M-phosphate buffer, pH 7.0) in a Braun disintegrator (Somerville, 1971) . Only those antisera which did not react with the spore extract were used.
Ferritin labelling. Antisera prepared and tested as described above were conjugated with ferritin (Wellcome Research Laboratories) using the method of Singer & Schick (1961) . Spore-crystal mixtures and disintegrated spores of B. thuringiensis were stained as previously described by Walker, Baillie, Thomson & Batty (1966) .
Peroxidase labelling. Mixtures of well-washed spores and crystals of B. thuringiensis were fixed for 4 h at 4 "C in 2.5 % phosphate buffered glutaraldehyde pH 7-2 and embedded in glycol methacrylate as described by Granboulan & Leduc (1967) . Crystal antigen was identified in ultra-thin sections using the technique developed by Sternberger, Hardy, Cuculis & Meyer (1970) employing the use of unlabelled antibody and the soluble peroxidase-antiperoxidase complex (PAP) (Wellcome Research Laboratories). The immunochemical staining procedure was essentially the same as that previously described by Moriarty & Halmi (1972) . Controls were included in which the antiserum was substituted with normal rabbit serum or one of the stain components, i.e. antiserum, antirabbit IgG, PAP or DAB (3,3'-diaminobenzidine) was omitted.
Electron microscopy. Spore suspensions in distilled water were freeze-etched using a Balzer 360M freeze-etching apparatus as described by Moor, Muhlethaler, Waldner & Frey-Wyssling (1961) . The specimen temperature was -100 "C and the etching time I min. The shadowing angle was approximately 33" and the vacuum obtained in the system I O -~ mmHg.
The platinumlcarbon replicas were cleaned with 70 % sulphuric acid for I h followed by and stained with phosphotungstic acid. Sections were cut on an L.K.B. ultramicrotome, using glass knives, and collected on 200 mesh Formvar-coated grids. All specimens were examined in a Philips EM200 or EM300 electron microscope at 60 kV.
RESULTS

Freeze-etching &ciZZm$nitimrrs.
Initial observations on spores which had not been fractured (Fig. I ) demonstrated a granular exterior on which there was no discernable regular orientation. This was taken as the outer surface of the exosporium. In many cases a crystalline inclusion was visible through this layer and structure apparent in it. Fracturing of the exosporial surface revealed two types of structural layers. The first type were pitted ( Fig. 2) and sometimes more than one layer was seen (Fig. 3) . The pits were 4.5 to 5.0 nm in diameter and arranged hexagonally with a row-to-row spacing of 7 to 8 nm. The second type consisted of regularly arranged globular granules, 4-5 to 5 nm in diameter ( Fig. 4) . These were also arranged hexagonally with a similar row-to-row spacing. Both layers were taken to be parts of the sporecoat, based on the depth of fracture and the similarity to structures seen previously in B. cereus (Holt & Leadbetter, 1969) . Where the crystal inclusion as well as the exosporium had been fractured (Fig. 5 ) the granular layer of the sporecoat was apparently continuous with the inclusion. Fibrous connexions between the underside of the exosporium and the sporecoat were evident ( Figs. 2 and 3) .
Bacillus thuringiensis. The spores of B. thuringiensis also showed a granular outer surface ( Fig. 6) . However, they differed from B.$nitimus spores in that the outer surfaces of most of the spores were pitted or punctured by holes. Upon fracturing, a layer of hexagonally arrayed spherical particles 7 to 7-5 nm apart (Fig. 7) was revealed immediately under the granular exterior, though it was difficult to obtain fractures that exposed this layer. These granules could not be distinguished from those observed in spores of B.Jinitimus or in deeper etches of B. thuringiensis.
The more common fracture face obtained was much deeper and revealed three structural layers. Two of these, the deepest, were like the pitted and granular layers already described for B.Jinkimus (Fig. 8 ) and had identical spacings to these layers (7-0 to 8.0 nm). The third layer consisted of very small granules (2.5 to 3 a n m dim), again in a regular hexagonal arrangement ( Fig. 9) ; the row-to-row spacing was 4.5 to 5.0 nm. The layer could be seen as a continuous sheet or as an overlapping 'leaf-like' structure ( Fig. 10) . Numerous fibrous connexions between layers were common ( Fig. 11 ), which sometimes appeared to pass through the fine granular layer and connect the underside of the exosporium to the deeper pitted and granular layers.
Extracted spores. Successful freeze-etched preparations of spores extracted by the various procedures described proved very difficult to obtain. We were, however, able to show that the fine granular layer in B. thuringiensis remained after extraction and the granular outer surface of the exosporium did not appear to be disturbed. However, neither regular pits or granules could be recognized in the deeper layers. Structure of crystal-producing sporeformers 265 Fig. 3 . This is similar to Fig. 2, showing more than one pitted layer (thin arrows) . Note the fibrous connexions between the under surface of the exosporium and the sporecoat. Fig. 4. Freeze-etched B. finitinus spore showing the regularly arrayed globular granules (thin arrow) . (b) than (a) 
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Crystal suspension. A frozen-etched preparation of B. thuringiensis crystals demonstrated the classical pyramidal structure (Norris, 197 I ) (Fig. I 2) . Viewing of crystal subunits was possible using this technique.
Negative staining Structure observed by negative staining of spores and crystals has been reported briefly (Somerville et al. 1971) . Negative staining of whole spores reveals detailed structure in the exosporium at high magnification . In both B. Jinitimus and B. thuringiensis a clear hexagonal pattern was observed (Fig. 13) with a row-to-row spacing of 6.0 to 7.0 nm. There is no evidence that this is due to MoirC patterns (Beaman, Pankratz & Gerhardt, 1971) . Purified crystals showed detailed structure near the apex (Fig. 14) ; at higher magnification it could be seen that this structure involved a repeating sequence of three rows separated by equal spaces, followed by one row separated on either side by a slightly greater space. It is possible that these represent 'steps'on the outer surface of the crystal and the structure is remarkably similar to that revealed by freeze-etching of crystals ( Fig. 12; Norris, 1969) . The particles evident in the three equally-spaced rows were arranged hexagonally with a row-to-row spacing of approximately 7.5 nm. This spacing correlates well with similar measurements from freeze-etched preparations.
Ferr it in labelling
In B. thuringiensis it can be seen that ferritin-labelled antibody to crystal protein is specifically located on crystals, whilst the intact spore surface (i.e. exosporium) shows no labelling (Fig. 15) . Disintegrated spores (Fig. 16) show a clear labelling of the inner surfaces of the sporecoat. During disintegration the exosporium is stripped off and largely destroyed.
Peroxidase labelling
After treatment of ultra-thin sections with peroxidase-antiperoxidase complex, crystals of B. thuringiensis were specifically labelled with deposits of DAB polymer (Fig. 17) . In addition, deposits were also located along the exosporium and on the inner layers of the sporecoat (Fig. I 8) .
DISCUSSION
The morphological changes occurring during sporulation in B. Jinitimus and B. thuringiensis closely resemble those occurring in B. cereus and other bacillus species (Young & Fitz-James, 1959; Fitz-James, 1962 , 1965 Ellar & Lundgren, 1966; Leadbetter & Holt, 1968; Somerville, 1971) . Similarities between the structure of the outer surface of the exosporium of these species and B. cereus is also evident from freeze-etching. The presence of the deeper regularly-arrayed layer in the exosporium of B. thuringiensis correlates well with observations made by Gerhardt & Ribi (1964) on negatively stained preparations of bacillus exosporia. This layer was not seen in B.Jinitirnus. The pits and holes on the exosporium surface of B. thuringiensis could be an artefact but their regular occurrence and definite morphological appearance would, in our opinion, make this improbable. These openings could represent the pores in the exosporial fabric that have been suggested by Gerhardt & Black (1961) as a result of permeability studies on exosporium-covered spores. It is possible that in B. thuringiensis these pores allow crystal protein to pass out through the exosporium as sporulation proceeds.
Delafield et al. (1968) reported that biochemically and immunologically a portion of spore protein closely resembled the crystal protein in B. thuringiensis. A close association is observed between the developing crystal and the exosporium (Somerville & James, 1970 ; Somerville, 1971 ). Somerville et al. (1971) concluded that a similar association occurred during inclusion formation in B. finitimus, although in this case other observations suggested that a continuity of the inclusion with the developing sporecoat could not be excluded.
I I
Such an association appears in some freeze-etched preparations of B. finitimus (Fig. 5 ) where a continuity between the sporecoat and developing inclusion is seen. The dimensions and orientation of the sporecoat pitted layers in both types of spores are the same as those already described in deep-etched preparations of B. cereus (Holt & Leadbetter, 1969) . It is probable that the granules fit into these pits and the sporecoat is composed of several alternate pitted and granular layers. The fine granular layer observed between the outer surface of the exosporium and the deeper layers of the sporecoat in B. thuringiensis probably represents an outer sporecoat layer. A similarly constructed layer has been demonstrated in Clostridium sporogenes (Short & Walker, 1971) and also in C . botulinum type E (Walker and Short, unpublished observations). There is undoubtedly some difficulty in terminology relating to these layers and, indeed, many workers prefer to regard the exosporium as the outer surface of the sporecoat although spatially separate. If the exosporium and sporecoat are considered together then the combined structure in B. thurirzgiensis is more complex than in B. jinitimus (Figs. 19 and 20) tional layers : the regular granules observed immediately under the outer exosporial surface, and the fine granular layer. Bearing in mind the resolution of the freeze-etching technique it is difficult to be certain whether measurements on the dimensions of the latter layer represent a true resolution or a decoration effect. There is, however, clearly an additional layer, either differently constructed or having different constituents from the other layers observed. AS crystal protein of B.Jinitirnus is confined within the exosporium it is possible that protein which would normally have been used in assembling the sporecoat is incorporated into the crystal. On the other hand, in B. thuringiensis the crystal is assembled outside the exosporium although in close association with it, and it is possible that sporecoat proteins produced during sporulation escape through the pits in the exosporium to be re-assembled on a template on the outer surface.
The regular granules observed immediately under the exosporial outer covering could represent crystal protein trapped under the exosporium during spore maturation. The antigenic evidence supports this hypothesis. Using ferritin-labelled antibodies to stain mixtures of crystals and disintegrated spores, the evidence suggests that in B. thuringiensis antigens common to the crystal and the deeper layers of the sporecoat are present. Additional evidence supporting the relationship between the deeper layers of the sporecoat and the crystal protein is the failure to demonstrate pits and granules in freeze-etches of the sporecoat of spores extracted with 2-mercaptoethanol, which is known to extract material antigenically similar to the crystal. However, there is no antigenic evidence for a relationship between crystal protein of B. thuringiensis and the outer surface of the exosporium.
The results obtained on ultra-thin sections using the peroxidase-antiperoxidase technique, however, indicate that the exosporium contains antigens common to crystal protein.
Because of the diffuse nature of the reaction product, it is difficult to locate the antigens precisely with this technique, and we therefore prefer to interpret staining of the exosporium by antibodies to the crystal as being due to reaction with the inner layers of the exosporium, while accepting the evidence of ferritin-labelled antibody as indicating a lack of reaction with the outer surface. Staining of the sporecoat using this technique confirms the results with ferritin-labelled antibody.
